IV.5 Environmental Factors That Affect Plant Quality
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Variation in host plant quality arises from many sourcesand reproduction. As in animals, different plant tissues
Environmental stress, primarily a response to varying and organs contribute different functions, and a plant
soil nutrients, light, and water, affects physiological must balance the action of each to promote healthy,
responses by plants in a species-specific manner. Thisvhole-plant function. Available resources fall short of
variation provides a remarkable array of available plantthe amount needed to facilitate all life activities, so plants
quality to insect herbivores (Coley et al. 1985, Chapin are forced to allocate scarce resources (fig. IV.5-1). Sig-
al. 1987, Mooney et al. 1991). In addition, herbivore nificant tradeoffs exist because the plant cannot supply
feeding (both insect and mammalian) further alters the resources to all of its parts simultaneously, given the
nutritional quality of leaf material, both soon after feed- competition for resources in a limited environment. This
ing and in the future. Why do these responses occur? scenario is the notion of “source—sink” relationships
Plants reallocate minerals and energy in response to (Turgeon 1989). Aourceprovides limited resources
stress, and the consequence is considerable variation dx@ots provide the plant with nitrogen), andiak gets
time in the foliar concentrations of primary nutrients.  first priority for use of limited resources (the leaf needs
These nutrients include levels of nitrogen-containing nitrogen for photosynthesis). Note the cyclical nature of
compounds, such as protein, energy-containing com- the relationship. Some resources are obtained by the
pounds, such as nonstructural carbohydrates (includingplant through absorption of nutrients through the roots,
free sugars), or specific chemical constituents, such asand energy-containing and structural compounds are
individual amino acids. Clearly, grasshoppers seldom produced by photosynthesis. The available nutrient pool
face a simple “nutritional environment” when searchingobtained in this fashion is then allocated to those tissues
for food to satisfy crucial needs. housing the most critical metabolic activity at the time—
the sink(s). As conditions change, new sinks develop,
As variable plant quality often influences grasshopper and the allocation patterns can be altered quickly.
population dynamics, can range managers predict how
plant quality varies in time and space? For managers
charged with long-term planning, which sites typically
exhibit higher host plant quality? Will stress explain
observed spatial patterns in plant growth and foliar qual- gmilation
ity? Will identification of stressed areas help identify S
grasshopper problem areas? Answers to how grasshop-
per food resources vary in time and space will provide
important insights to aid in both forecasting grasshopper
population change and formulating appropriate manage-
ment strategies.

In this chapter, | briefly outline how environmental stress
affects plant response at several levels. Once plant

responses are recognized, managers can more effectively
incorporate these responses into strategic plans, includ- Availability
ing forecasting models and economic assessments.

Allocation

Shoot

Resource

Plants are integrated units, and plant stress cannot be

evaluated except in that context. Photosynthesis (light

and carbon dioxide [C{Dcapture), which occurs in

leaves and to a lesser extent in stems, is coupled with Figure IV.5-1—Simple, diagrammatic metabolic paths that indicate

nutrient and water uptake through roots to provide all steps in obtaining and then allocating limiting resources among plant
. . tissues. (Adapted from Sharpe and Rykiel 1991.)

essential raw materials for plant growth, development,
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Ultimately, these resource allocation “decisions” deter- both the types of plant responses to environmental stress

mine the fate of the whole plant in terms of survival, totals well as anticipated herbivore reactions to altered plant

biomass production, and long-term reproductive fithessquality. Herbivory (livestock and insects) feeding on

Because unlimited external resources seldom exist, plaplEnts cannot be strictly separated from other stresses

cannot operate at maximal rates. The difference betwdsgrause losses in leaf, root, or stem material stress plants

optimal and actual rates of function defines the level ofas much as physical or chemical factors.

stress experienced by the plant (Mooney et al. 1991). As

stress from such factors is imposed, it triggers a cascad@lant Responses

of responses: the plant rebalances to the new conditions.

Plants are exposed to a wide range of abiotic (weatherBoth internal and external features control plant

factors that directly reduce growth. These variable congisponses. Internally, individual genotypic differences

tions include drought, flooding, mineral deficiencies or and phenological development can exert significant

imbalances, temperature extremes, and air pollution  effects on plant use and allocation of resources. For

(Jones and Coleman 1991). From the herbivore’s poinexample, the plant genotype limits rates of acquisition,

of view, these cascading responses alter the nutritionalsets priorities for partitioning amomdant parts, modifies

quality and distribution in leaves. allocation to biochemical processes, and determines the
magnitude of other related responses, such as the amount

As indicated in figure 1V.5-2, Jones and Coleman (199%f defensive compound that can be produced (examples

provide an effective framework for quickly illustrating in Jones and Coleman 1991).
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Figure IV.5—2—A conceptual framework of the linkages and feedbacks between plant allocation
processes and herbivore consumers. (Adapted from Jones and Coleman 1991.)
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Fast- versus slow-growing species typically exhibit very(1985), fast-growing plant species under stress should
different patterns of nutrient allocation (Coley et al. exhibit extensive variability in secondary metabolite pro-
1985), largely due to the value of individual leaves. In duction because growth is a higher priority than the pro-
fast growers, individual leaves are relatively less impor-duction of defensive compounds. Conversely, allocation
tant than in slow-growing plants. Fast growers allocateta secondary defensive compounds becomes a high prior-
higher proportion of resources to growth and less to ity in slow growers because leaf tissue must continuously
defense (chemicals and leaf structures that deter her- be defended, even under stress. Finally, plant life form
bivory). The converse exists for slow-growing species.correlates well to the presence of and nature of plant
Seasonal plant growth modifies the capacity and demaddfenses. Secondary metabolite defenses are much more
for resources and sets partition and allocation priorities@smmon in forbs than grasses (Mole and Joern 1993,
plants grow and mature. contraRedak 1987).

While intrinsic features clearly modify the strength of A diversity of chemical compounds serves to defend
plant responses, external environmental features typicgihants. In some plants, the defensive chemical also rou-
exert more influence on plant responses. Resources tinely serves a number of functions, while in other cases
required by grasshoppers vary in both time and space; a plant uses different chemicals under different stress
because some resources are limited, a plant is typicallyconditions (Coley et al. 1985, Jones and Coleman 1991).
playing catchup. Within the limits imposed by genotypdn addition, different forms of stress (drought, pollution,
and phenological stage, plants attempt to obtain limitedor nutrient deficiency) result in a diversity of responses
nutrients selectively. This process allows the plant to as plant allocations vary with the stress. For example,
maintain a carbon-nutrient balance somewhere near thdrought responses are particularly complex. They alter
optimum for plant function. For example, plants limitedacquisition of both carbon and nutrients, they disrupt
by nutrients or water often allocate more resources to transport function, and they cause secondary metabolite
build root tissue to increase root surface area and increesecentration to vary because water concentration in
nutrient absorption from the soil. As a result, leaf tissudsaves varies.
receive fewer resources. The message here is that plants
continuously respond to shifts in resource availability, Nitrogen.—Among all of the leaf nutritional characteris-
resulting in significant changes in leaf quality. tics that significantly respond to environmental stress and
influence grasshoppers, nitrogen content is one of the
In adjusting to variable resource availability, biochemi- most important. Many environmental stresses induce the
cal, anatomical, and physiological shifts also occur in thaobilization of nitrogen in plants. This mobilization
leaves. From an herbivore’s point of view, both results in increased levels of total nitrogen as well as
defensive secondary metabolites (described below) andpecific amino acids and proteins (Stewart and Larher
nutritional features change. As stated earlier, the grow980, Rhodes 1987). Drought and nutrient stress typi-
strategy of the plant (whether it is a fast or slow grower¥ally result in increased carbon-to-nitrogen ratios, often

dictates the response. accompanied by altered amino acid composition (Stewart
and Larher 1980, McQuate and Connor 1990), as shown
Secondary Metabolites.—Secondary metabolites in in table V.5-1. Similarly, increased plant water stress

plants comprise a long list of compounds produced at (too little or too much water) often results in altered free
various steps in the metabolic pathway that are not ~ amino acid composition. Free amino acids such as pro-
directly related to regulating photosynthesis or other priline often increase in grasses with moderate water stress
mary metabolic pathways, such as respiration. So, whi{8arnett and Naylor 1966, Hsiao 1973, Wisiol 1979,
sucrose or enzymes are considered primary metaboliteBo&hari and Trent 1985, Zuniga and Corcuera 1987),
variety of chemical compounds such as alkaloids or pheossibly because proline acts as an osmoregulator
nolics are termed secondary. This term does not mean(Stewart and Lee 1974) or as storage for nitrogen and
that these metabolites are unimportant for plant functiosarbon (Barnett and Naylor 1966). [An osmoregulator

or success—quite the contrary. According to Coley et alerves to help maintain water balance within the plant.]
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Table IV.5-1—Amino acids exhibiting increased in root nodules of many legumes) often significantly

concentrations in soybean leaves in response to influence allocation schedules in plants, thus altering
increasingly severe water deficits (adapted from plant quality. In most North American grasslands, plants
McQuate and Connor 1990) experience extraordinary pressure from cattle or sheep

grazing, which severely reduces above- and belowground

Plant water deficit ~ Amino acids exhibiting increase biomass. Thus, many range plants routinely suffer mod-
erate to extreme stress from leaf loss from mammalian

0 to —=0.5 MP& Isoleucine, leucine, lysine, herbivores in addition to leaf losses from grasshoppers.
phenylalanine, tryptophan In these cases, ecological interactions take place above
versus below ground, mediated through the plant by
—-0.5t0 —-1.0 MPa Cystine, glutamine, histidine, ~ changing allocation schedules.

threonine, tyrosine, valine
Often, loss of either above- or belowground tissue alters

—-1.0to -1.5 MPa Proline the commitment to the other. For example, loss of leaf
material from herbivores above ground results in reduced
—1.5t0 2.0 MPa Arginine, asparagine, glycine  root mass. Root-grazing by a variety of nematodes and

insect larvae leads to lower leaf mass above ground
Note: Reduction of leaf water potential is the decrease observed in (Geiger and Servaites 1991, Mooney and Winner 1991).

water-deficient plants compared to well-watered individuals. The soil surface effectively partitions the grazing system
Glutamic acid, alanine, aspartic acid, and serine do not change coninto these two components. Plants mediate interactions
centration in response to water deficit. between aboveground versus belowground herbivores

because herbivory in one compartment changes overall
plant quality, often increasing herbivore load in the other
compartment (Seastedt 1985, Seastedt et al. 1988). To
o o _ range managers, management of plant loss in both com-
Significant shifts in resource allocation often cause varigartments becomes critical because grazing pressure
tion in many important nutritive chemicals. These  apove ground can increase root quality to belowground
nonstructural carbohydrates, and chemical defense motg;cn, complex responses further decreases the chance

cules (Perry and Moser 1974, McKindrick et al. 1975, nat plants will recover quickly from moderate to heavy
Chapin and Slack 1979, Mooney and Gulmon 1982, grazing.
)

Bernays 1983). Total nonstructural carbohydrates (TN
respond to environmental changes, such as grazing, te&\;ch piotic interactions between plants and their

perature, water potential of soil and leaves, nutrient stajii§pivores are numerous. Some examples include

of the soil, and maturity state of the plant (Ryle and  mychorrhizal fungal or nitrogen-fixing bacterial associa-
Powell 1975, Bokhari 1978, Caldwell et al. 1981, Hayesjons with the roots, both of which increase nutrient

1985). Foliar carbon—nlt_rogen ratios can _shlft drame_lt_l- acquisition rates by plants (Powell and Bagyaraj 1984,
cally in response to grazing, water, and nitrogen fertilizayora 1991). Conversely, organisms causing plant dis-
tion (Bokhari 1978, Caldwell et al. 1981, Bryantetal. gases often lower rates of photosynthesis, respiration, and

! Presure units for plant water deficit are in megapascals (MPa).

1983, Mattson and Haack 1987). nutrient uptake as well as shift allocation schedules

. Lo between roots and leaves, as do root-feeding nematodes
Impact to Plant Quality From Biotic (Ingham and Detling 1984).
Sources

In spite of significant grazing pressure, some plant spe-
Interactions with herbivores, pathogens, and symbiontscies cope readily while others do not. Plants of different
(organisms living in close association with the plant thatife forms (grasses versus forbs) typically differ in their
confer a positive impact, such as nitrogen-fixing bacteriglerance to foliage loss. Plant life form influences
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regrowth characteristics based on the protection or redghange the allocation schedules, resulting in an altered
dancy of primary growth tissue or the possession of suctutritional environment for both mammalian grazers and
tissues that are typically missed by herbivores (Dahl anidsect herbivores, such as grasshoppers. An understand-
Hyder 1977). In grasses, the primary growing tissue ising of the general framework underlying source—sink and
often found at the soil surface, below the level normallywithin-plant allocation provides the insight for anticipat-
grazed by herbivores. In this sense, it is protected. Otimgy favorable versus unfavorable conditions for both
adjustments that plants make to grazing include higherplants and herbivores. After all, range resource managers
photosynthetic rates, reduced foliage longevity, low proare really managing the vegetation resource, not the con-
portion of reproductive shoots, and faster rates of leaf sumers per se. Such a realization will undoubtedly alter
replacement (Caldwell et al. 1981, Archer and Tieszen the way that humans devise strategies to manage grass-
1983). Species with the same life form (grasses), how-hopper control programs.

ever, often can exhibit striking differences in
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How do grasses cope with herbivory? Caldwell et al. Archer, S.; Tieszen, L. 1983. Effects of simulated grazing on foliage

(1981) assessed physiological responses byAyvopy- ant_j root producti_on and biomass_ allocation in an arctic tundra sedge

ron bunchgrass speci¢a. desertorunandA. spicatum)  (Eriophorum vaginatum)Oecologia 58: 920-102.

that ,eVOIVed with and without slgnlflcgnt I.|I.<eI|hoo.d of Arora, D. K., ed. 1991. Soil and plants. New York: Marcel Dekker.

herbivory. These grasses exhibited significant differ- 750

ences in tolerance to grazimy, desertorunibeing more

tolerant. Otherwise, these species exhibit similar growtBarnett, N. M.; Naylor, A. W. 1966. Amino acid and protein metabo-

timing and thus experience the same physical and cli- lism in Bermuda grass during water stress. Plant Physiology 41:

matic environment. Following grazing, desertorum ~ 122-123.

rﬁpldlﬁl eStab“she.d a nfeW Car.]nAOpy Wlth thrF'.'eh t?] five tlme&ernays, E. A. 1983. Nitrogen in defence against insects. In: Lee,

the p oto;ynt etic surface t nsplcatum/\{lt' the J. A.; McNeill, S.; Rorison, I. H., eds. Nitrogen as an ecological

same available resourceA. desertorunexhibited a factor. Oxford, UK: Blackwell Scientific Press: 321-344.

lower investment of nitrogen and biomass per unit of

photosynthetic area, more tillers, more leaves per buncBokhari, U. G. 1978. Nutritional characteristics of blue grama herbage

and shorter stems. In addition, this species exhibited under the influence of added water and nitrogen. Journal of Range

- : y . . Management 31: 18-22.

greater flexibility of resource allocation following graz-

ing by reallocating more resources to shoot growth at th@ynari, U. G.; Trent, J. D. 1985. Proline concentrations in water

expense of root growth. This process quickly achievedstressed grasses. Journal of Range Management 38: 37—38.

preclipping root—shoot balance. Nitrogen required for _ _ _

regrowth came from uptake rather than reserve depletiG¥ant, J. P.; Chapin, F. S.1II; Klein, D. R. 1983. Carbon-nutrient

Carbohydrate pools in the shoot system of both specie alance of boreal plants in relation to vertebrate herbivory. Oikos 40:
. . . . 57-368.

remained low following severe defoliation. Interestingly,

when competing plant species were removed, even thecaidwell, M. M.; Richards, J. H.; Johnson, D. A.; Nowak, R. S.;

poorly copingA. spicatuncould tolerate extreme Dzrec, R. S. 1981. Coping with herbivory: photosynthetic capacity

defoliation (Mueggler 1972). and resource allocation in two semiafigropyronbunchgrasses.
Oecologia 72: 14-24.

Final Comment Chapin, F. S.; Slack, M. 1979. Effect of defoliation upon root growth,

phosphate absorption and respiration in nutrient limited tundra

Take-home messages from these examples reinforce thaminoids. Oecologia 42: 67-79.

major point of this section: resource allocation schedules

for limited nutrients in plants largely dictate responses t‘ér , _ A
i . . . ant responses to multiple environmental factors. Bioscience 37:

mediating source—sink relationships. Consequently, any, o,

abiotic or biotic factor that alters these relationships will -

apin, F. S., lll; Bloom, A. J.; Field, C. B.; Waring, R. H. 1987.

IV.5-5



Coley, P. D.; Bryant, J. P.; Chapin, F. S., lll. 1985. Resource avail- Mueggler, W. F. 1972. Influence of competition on the response of

ability and plant antiherbivore defense. Science 230: 895-899. bunchgrass wheatgrasses to clipping. Journal of Range Management
25: 88-92.

Dahl, B.; Hyder, D. 1977. Developmental morphology and manage-

ment implications. In: Sosebee, R., ed. Rangeland plant physiologyPerry, L. J.; Moser, L. E. 1974. Carbohydrate and organic nitrogen

Denver, CO: Society for Range Management: 257—290. concentrations within range grass parts at maturity. Journal of Range
Management 27: 276-278.

Geiger, D. R.; Servaites, J. C. 1991. Carbon allocation and response to

stress. In: Mooney, H. A.; Winner, W. E.; Pell, E. J., eds. ResponseRdwell, C. L.; Bagyaraj, D. J., eds. 1984. VA mycorrhiza. Boca Raton,

plants to multiple stresses. New York City: Academic Press: 103—1FL: CRC Press. 234 p.

Hayes, D. C. 1985. Seasonal nitrogen translocation in big bluestemRedak, R. 1987. Forage quality: secondary chemistry of grasses. In:
during drought conditions. Journal of Range Management 38: Capinera, J. L., ed. Integrated pest management on rangeland: a short-
406-410. grass perspective. Boulder, CO: Westview Press: 38-55.

Hsiao, T. C. 1973. Plant responses to water stress. Annual Review Bhodes, D. 1987. Metabolic responses to stress. In: Davies, D. D., ed.
Plant Physiology 24: 519-570. The biochemistry of planttondon: Academic Press: 201-241.

Ingham, R. E.; Detling, J. K. 1984. Plant-herbivore interactions in Ryle, G.J.A.; Powell, C. E. 1975. Defoliation and regrowth in the
North American mixed grass prairie. Ill. Soil nematode populations graminaceous plant: the role of current assimilate. Annals of Botany
and root biomass oByonomys ludovicianumlonies and adjacent ~ 39: 297-310.
uncolonized areas. Oecologia 63: 307-313.

Seastedt, T. R. 1985. Maximization of primary and secondary produc-
Jones, C. G.; Coleman, J. S. 1991. Plant stress and insect herbivor{jvity by grazers. American Naturalist 126: 559-564.

toward an integrated perspectiie. Mooney, H. A.; Winner, W. E.; o
Pell, E. J., eds. Response of plants to multiple stresses. New York Seastedt, T. R.; Ramondo, R. A.; Hayes, D. C. 1988. Maximization of

City: Academic Press: 249-280. densities of soil animals by foliage herbivory: empirical evidence,
graphical and conceptual models. Oikos 51: 243-248.
Mattson, W. J., Jr.; Haack, R. A. 1987. The role of drought in the out-
breaks of plant-eating insects. Bioscience 37: 110-118. Sharpe, P. J.; Rykiel, E. J., Jr. 1991. Modeling integrated responses of
plants to multiple stresses. In: Mooney, H. A.; Winner, W. E.; Pell, E.
McKindrick, J. D.; Owensby, C. E.; Hyde, R. M. 1975. Big bluestemd-, €ds. Response of plants to multiple stresses. New York City: Aca-
and indiangrass vegetative reproduction and annual reserve carbotjemic Press: 205-224.
drate and nitrogen cycles. AgroEcosystems 2: 75-93.
Stewart, G. R.; Larher, F. 1980. Accumulation of amino acids and re-
McQuate, G. T.; Conner, E. F. 1990. Insect responses to plant watdated compounds in relation to environmental stress. In: Miflin, B. J.,
deficits: Il. Effects of water deficits in soybean plants on the feedinged- The biochemistry of plants. Vol. 5. Amino acids and derivatives.
preference of Mexican bean beetle larvae. Ecological Entomology 18ndon: Academic Press: 609-635.
433-445.
Stewart, C. R.; Lee, J. A. 1974. The role of proline accumulation in
Mole, S.; Joern, A. 1993. The foliar phenolics of Nebraska sandhillshalophytes. Planta 120: 279-289.

prairie graminoids: between years, seasonal and interspecific varia-
tion. Journal of Chemical Ecology 19: 1861-1874. Turgeon, R. 1989. The sink—source transition in leaves. Annual Re-

view Plant Physiology and Plant Molecular Biology 40: 119-138.
Mooney, H. A.; Gulmon, S. L. 1982. Constraints on leaf structure and o .
function in reference to herbivory. Bioscience 32: 198-206. Wisiol, K. _1979' Clipping qf _Water stressed blue-grama affects proline

accumulation and productivity. Journal of Range Management 37:
Mooney, H. A.; Winner, W. E. 1991. Partitioning response of plant 28-30.

stress. In: Mooney, H. A.; Winner, W. E.; Pell, E. J., eds. Response of .

plants to multiple stresses. New York City: Academic Press: 129-144Ni9a, G. E.; Corcuera, L. J. 1987. Glycine-betaine accumulation in-
fluences susceptibility of water-stressed barley to the &dtidzaphis

Mooney, H. A.; Winner, W. E.; Pell, E. J., eds. 1991. Response of graminum Phytochemistry 26: 367-369.
plants to multiple stresses. New York: Academic Press. 422 p.

IV.5-6



